The interaction of cells with their substrate triggers cascades of signal transduction that result in profound changes in cell morphology. The nature of these signals and how they are integrated to orchestrate changes in cell shape are beginning to be elucidated. In particular, adhesive interactions between cells and their substrate, mediated by cell-surface integrins and extracellular matrix (ECM) proteins, appear to result in massive rearrangement of the cell cytoskeleton via the small Gprotein, Rho. Here we show that in mouse ®broblasts, the interaction between cells and their substrate results in the rapid recruitment to the cytoskeleton of RasGAP (p120RasGAP), its associated protein of 190 kilodaltons, the GTPase activating protein for RhoA (p190RhoGAP) and the focal adhesion kinase (p125FAK). Similar results were obtained when cells were plated on ECM proteins, such as ®bronectin, suggesting that the phenomenon is integrin mediated. These studies suggest that in ®bro-blasts, cell-substrate interaction triggered by integrin engagement result in the recruitment to the cytoskeleton of signaling molecules such as p120RasGAP, p190Rho-GAP and p125FAK and may be involved in the formation of membrane cytoskeleton-associated signaling complexes that are important in cytoarchitectural reorganization.
Introduction
Dynamic changes in cell shape are integral to most aspects of cellular function, such as cell growth and division, proliferation, dierentiation, spreading, migration, adhesion and even apoptosis (reviewed in Assoian and Zhu, 1997; Gumbiner, 1996; Juliano, 1996; Meredith and Schwartz, 1997; Ruoslahti and Reed, 1994) . Since many of these activities occur in response to speci®c extracellular stimuli, this has resulted in the evolution of cross-talk between the signal transduction pathways triggered by extracellular factors and the cytoskeleton that is ultimately responsible for the architecture of the cell (reviewed in Clark and Brugge, 1995; Juliano, 1996; Schwartz et al., 1995) . Such cross-talk is best seen in the case of cytoskeletal changes that accompany cell adhesion to a substrate mediated by interactions between cell surface integrins and ECM proteins (reviewed in Assoian and Zhu, 1997; Burridge and Chrzanowska-Wodnicka, 1996; Gille and Swerlick, 1996; Yamada and Miyamoto, 1995) . In addition to playing the role of a highly dynamic and responsive scaolding for the maintenance of cytoarchitecture, the cytoskeleton is increasingly implicated in serving as an assembly site for functionally active signal transduction complexes (reviewed in Carraway and Carothers Carraway, 1995) . Integrin engagement appears to trigger the organization of cytoskeletal and signaling molecules in a hierarchical order that is temporally and spatially determined reviewed in Yamada and Geiger, 1997) . In this regard, adhesion induced changes in cell shape may have, not only structural, but also functional consequences for the cell.
Integrin mediated cell-substrate interactions unleash a complex array of signals that include activation of calcium¯uxes (Miyauchi et al., 1991) ; Na + /H + antiport activity (Banga et al., 1986) ; elevation of intracellular pH (Schwartz et al., 1989) and tyrosine phosphorylation (reviewed in Burridge and Chrzanowska-Wodnicka, 1996; Clark and Brugge, 1995; Schwartz et al., 1995) . The best studied of these changes, tyrosine phosphorylations, occurs on proteins, such as p125FAK (Burridge et al., 1992; Guan et al., 1991; Hanks et al., 1992; Kornberg et al., 1992; Lipfert et al., 1992) , paxillin (Burridge et al., 1992) , tensin (Bockholt and Burridge, 1993) , PI-3-kinase (Chen and Guan, 1994a) 
and p130
Cas (Nojima et al., 1995; Petch et al., 1995; Vuori and Ruoslahti, 1995) . In addition, integrin-ECM interactions produce profound changes in lipid metabolism, as exempli®ed by elevated levels of 4,5-PIP 2 (McNamee et al., 1992) , through the small G-protein, rho (Chong et al., 1994) .
The Rho family of small G-proteins (reviewed in Hall, 1994; Van Aelst and D'Souza-Schorey, 1997) appears to play a pivotal role in the integration of signals generated by integrin engagement with cytoskeletal rearrangement (reviewed in Burridge and Chrzanowska-Wodnicka, 1996; Bussey, 1996a,b; Hotchin and Hall, 1996; Tapon and Hall, 1997; Zigmond, 1996) . However, the mechanism by which integrinmediated adhesion activates Rho, as well as the mechanism by which activated Rho mediates the rearrangement of intracellular stress ®bers and formation of focal adhesions is complex and highly controversial (reviewed in Burridge and Chrzanowska-Wodnicka, 1996; Tapon and Hall, 1997) . The situation is further complicated by the existence of several GTPase Activating Proteins speci®c for Rho (RhoGAPs) (reviewed in Ridley, 1995) .
Previous studies have suggested that p120RasGAP and its associated protein p190RhoGAP (Settleman et al., 1992) are key eectors of growth factor-mediated changes in cell shape and cell adhesion (reviewed in Clark and Brugge, 1995) . This is based on the observation that expression of NH 2 -terminal fragments of p120RasGAP, that bind constitutively to p190RhoGAP, cause disruption of actin stress ®bers and result in decreased cell adhesion (McGlade et al., 1993) . p190RhoGAP can bind guanine nucleotides directly (Foster et al., 1994) and is a GTPase activating protein for the small G-protein, RhoA (Ridley et al., 1993) . Given the importance of Rho in cytoskeletal reorganization (Nobes and Hall, 1995; Ridley and Hall, 1992a; reviewed in Parsons, 1996; Tapon and Hall, 1997) , it is not surprising that p190RhoGAP plays a key role in cytoskeletal reorganization. In addition, there is suggestive evidence for the involvement of a second GAP associated protein of 62 kilodaltons (GAPa-p62), recently renamed p62 dok (Carpino et al., 1997; Yamanashi and Baltimore, 1997) , in integrin mediated cell-substrate interactions .
Recent studies have examined the interaction between p120RasGAP and p190RhoGAP (Hu and Settleman, 1997) and the roles of these complexes in growth factor signaling and cellular transformation (van der Geer et al., 1997; Wang et al., 1997) . To better understand the role of p120RasGAP and its associated proteins in cell adhesive interactions, the present studies examined the changes that these proteins undergo during integrin mediated cell-substrate adhesion. The present results suggest that integrin engagement leads to the rapid recruitment of signal transduction molecules such as p120RasGAP, p190RhoGAP as well as p125FAK to the cytoskeleton where they may, either singly or in combination with other proteins, form signaling entities that may be involved in cytoarchitectural changes.
Results
Cell-substrate interaction results in diminished levels of immunoprecipitable p125FAK, p120RasGAP and its associated proteins p190RhoGAP and p62 dok p125FAK is, perhaps the most thoroughly studied example of adhesion proteins and is an important component of focal adhesions , where it appears to act as a master tyrosine kinase for many cytoskeletal proteins found in focal contacts (reviewed in Jockusch et al., 1995) . Previous studies have shown that a very early event following cellsubstrate interaction, is the recruitment of p125FAK to nascent focal contacts (Barry and Critchley, 1994) . To examine the fate of p120RasGAP and its associated proteins during cell-substrate interaction, the fate of these proteins was compared with that of the prototypic adhesion responsive protein, p125FAK. NIH3T3 ®broblasts were plated on tissue culture treated plastic, to promote adhesion (designated bỳ A' in Figure 1 ), or maintained in suspension by plating on bovine serum albumin coated bacteriological dishes that were rocked gently (designated by`S' in Figure 1 ) and incubated for various periods of time (in hours) indicated at the top of each lane. At the end of the incubation period, cells were harvested and processed for immunoprecipitation with either antip120RasGAP antibody (lanes 1 ± 4), antip190RhoGAP antibody (lanes 5 ± 8) or antip125FAK antibody (lanes 9 ± 12, as indicated at the top of the panels in Figure 1 ). Immunoprecipitates were analysed by immunoblotting the same ®lter, successively (without stripping), with anti-phosphotyrosine antibody ( Figure 1a) ; anti-p125FAK antibody ( Figure 1b) ; anti-p190RhoGAP antibody (Figure 1c ) and anti-p120RasGAP antibody (Figure 1d ). Cellsubstrate interaction resulted in a decrease in tyrosine phosphorylated p190RhoGAP (Figure 1a , lanes 1 ± 8) and p62 dok ( Figure 1a , lanes 1 ± 4) which directly mirrored the decrease in total intracellular p190RhoGAP ( Figure 1c , lanes 1 ± 8) suggesting that cell-substrate interaction led to a loss of p190RhoGAP from the immunoprecipitable pool. p62 dok was apparent only in anti-p120RasGAP immunoprecipitates ( Figure 1a , lanes 1 ± 4), but was not evident in anti-p190RhoGAP immunoprecipitates ( Figure 1a , lanes 5 ± 8), suggesting that p190RhoGAP and p62 dok form mutually exclusive complexes with p120RasGAP. This ®nding is consistent with previous reports (Moran et al., 1991) . Under the experimental conditions used in this study (cells were plated in complete medium) p125FAK was not tyrosine phosphorylated in response to cell-substrate interaction ( Figure 1a , lanes 9 ± 12). Previous studies have reported that serum components, especially insulin and insulin-like growth factors, stimulate the tyrosine dephosphorylation of p125FAK (Konstantopoulos and Clark, 1996; Ouwens et al., 1996; Pillay et al., 1995; Tobe et al., 1996) . Thus, it is possible that tyrosine phosphorylation of p125FAK was not evident when cells were plated in serum-containing media due to the opposing in¯uences of serum growth factors such as insulin and IGF-1 (that promote dephosphorylation of focal adhesion proteins) and integrin engagement (that promote the tyrosine phosphorylation of focal adhesion proteins). That the p125FAK antibody used in this study was capable of immunoprecipitating p125FAK, was con®rmed by probing the blot from Figure 1a Figure  1d ) revealed that levels of immunoprecipitable p190RhoGAP ( Figure 1c , lanes 1 ± 8), as well as p120RasGAP ( Figure 1d , lanes 1 ± 8) decreased signi®cantly upon attachment of cells to the substrate. These results suggested, for the ®rst time, that the fates of p120RasGAP and p190RhoGAP, following cell adhesion to the substrate, may be similar to p125FAK. Previous studies suggest that cell-substrate interaction leads to the rapid mobilization of FAK to focal adhesions that are tethered to the cellular cytoskeleton (reviewed in Jockusch et al., 1995).
Integrin engagement leads to diminished levels of immunoprecipitable p125FAK, p120RasGAP and its associated proteins p190RhoGAP
Previous studies have shown that cell-substrate interactions are mediated, at least in part, through cell surface integrins binding to ECM proteins (e.g., ®bronectin) (reviewed in Schwartz et al., 1995) . To determine whether the changes in p190RhoGAP, observed in Figure 1 , were mediated speci®cally by integrin engagement, NIH3T3 cells were plated on bacteriological dishes pre-coated with ®bronectin (to promote adhesion) or on bovine serum albumin (BSA) coated bacteriological dishes (to prevent adhesion) (for details see Materials and methods). As expected, plating cells on ®bronectin greatly accelerated the rate of attachment of cells to the substratum (data not shown). The levels of p190RhoGAP and p120RasGAP were examined in these samples by probing antip120RasGAP immunoprecipitates ( Figure 2a bottom panel, lanes 4 ± 6 and 10 ± 12). These changes were integrin speci®c, since they did not occur in cells plated on BSA coated dishes (Figures 2a top and bottom panels, lanes 1 ± 3 and 7 ± 9). The kinetics of disappearance of p190RhoGAP, upon plating of cells on ®bronectin coated dishes was very rapid and was essentially complete by 15 ± 30 min post-plating ( Figure 2a top panel, lanes 4 ± 6 and 10 ± 12). This is in sharp contrast to the much slower kinetics observed in the case of cells plated on tissue culture dishes, which typically required from 1 ± 2 h post-plating (Figure 1 ). Although the reasons for these dierences is not clear, it has long been recognized that cells adhere preferentially to surfaces that are precoated with extracellular matrix proteins (reviewed in Ruoslahti and Pierschbacher, 1987) . The observed dierences in the kinetics of disappearance of p190RhoGAP are re¯ective of the dierences in the Figure 1 Eect of cell-substrate interaction on p120RasGAP, p190RhoGAP and p125FAK in NIH3T3 mouse ®broblasts. NIH3T3 cells were plated under conditions in which they were either adherent (1A, 2A; lanes 1 ± 2, 5 ± 6, 9 ± 10) or in suspension (1S, 2S; lanes 3 ± 4, 7 ± 8, 11 ± 12). At various times post-plating (1 or 2 h, indicated at the top of each lane), cells were collected, lysed and immunoprecipitated with antibodies directed against p120RasGAP (lanes 1 ± 4), p190RhoGAP (lanes 5 ± 8) or p125FAK (lanes 9 ± 12), as indicated at the top of the ®gure. Immunoprecipitates were separated on 7.5% SDS ± polyacrylamide gels, transferred to PVDF membranes and immunoblotted successively (without stripping) with anti-phosphotyrosine antibody (a), anti-p125FAK antibody (b), anti-p190RhoGAP antibody (c), anti-p120RasGAP antibody (d). The approximate position of migration of relevant molecular weight markers (in kilodaltons), are indicated to the left of the ®gure and the position of the proteins of interest are indicated to the right of the ®gure kinetics of attachment and spreading of the cells under the two dierent conditions (data not shown). Taken together with the previous observations, these results suggest that integrin-mediated cell-substrate interaction appears to cause a decrease in the levels of immunoprecipitable p120RasGAP and p190RhoGAP proteins.
p125FAK, p120RasGAP and its associated proteins p190RhoGAP are not subject to enhanced turnover upon cell-substrate interaction
The simplest explanation for the results observed in Figures 1 and 2a was that p190RhoGAP, p120RasGAP and p125FAK were selectively degraded, following cell-substrate interaction. To test this possibility, cells were allowed to adhere for various lengths of time, after which both the attached and unattached cells from each time point were pooled, lysed directly in Laemmli's sample buer (as opposed to lysis and immunoprecipitation used in Figures 1 and  2a) , and the levels of the dierent proteins was examined by immunoblot analysis (Figure 2b ). Steady-state levels of p190RhoGAP ( Figure 2b , top panel; indicated by a black arrow), p125FAK ( Figure  2b , bottom panel lanes 1 ± 5; indicated by a hatched arrow) and p120RasGAP ( Figure 2b , bottom panel lanes 7 ± 11; indicated by a white arrow) remained virtually unchanged during the course of the experiment. This result indicated that these proteins were not being selectively degraded during the course of the experiment.
Association of p190RhoGAP with the detergent insoluble cytoskeleton
An alternative explanation for the`disappearance' of p120RasGAP, p190RhoGAP and p125FAK from the immunoprecipitable pool was that these proteins rapidly associated with the insoluble cytoskeleton/ focal adhesion complex following cell-substrate interactions as observed in the case of p125FAK (reviewed in Jockusch et al., 1995) . The similarity in the behavior of p190RhoGAP and p120RasGAP with p125FAK ( Figure 1 ) supported this possibility. Previous studies have shown that extraction buers consisting of nonionic detergents are sucient to extract lipids and soluble cellular components while leaving behind a detergent-resistant insoluble residue of ®brous structures operationally designated, the cytoskeleton (BenZe 'ev et al., 1979) . To investigate the possible association of p120RasGAP, p190RhoGAP and p125FAK with the cytoskeleton (including focal adhesions), cells were plated on ®bronectin coated bacteriological dishes (to promote adhesion of cells to the substrate) and at various times post-plating, the cells were extracted on the dish with a large volume of two extraction buers, one containing only the nonionic detergent, 1% Triton X-100 (designated Cytoskeleton buer A or CSK-A) and the other containing a combination of non-ionic and ionic detergents, namely 1% Triton X-100, 0.5% sodium deoxycholate and 0.1% sodium dodecyl sulfate (Cytoskeleton buer B or CSK-B) (for details see Materials and methods). The detergent insoluble matrix left behind Steady state levels of p120RasGAP, p190RhoGAP and p125FAK during cell-substrate interactions. (a) NIH3T3 cells were plated on bacteriological dishes coated with either bovine serum albumin (BSA; lanes 1 ± 3, 7 ± 9) or bacteriological dishes coated with ®bronectin (lanes 4 ± 6, 10 ± 12) for various periods of time (1, 15, 30 min) . At the end of the attachment period, samples were collected, immunoprecipitated with anti-p120RasGAP antibody (lanes 1 ± 6) or anti-p190RhoGAP (lanes 7 ± 12) and immunoblotted ®rst with anti-p190RhoGAP antibody (top panel) and reprobed with anti-p120RasGAP antibody (bottom panel). (b)NIH3T3 cells were plated on tissue culture dishes and at various times post-plating (0, 15, 30, 60, 120 min) adherent as well as suspension cells (A+S) were lysed in Laemmli's sample buer. Equal amounts of each samples were resolved on a 7.5% polyacrylamide gel, transferred to PVDF membranes and probed with anti-p190RhoGAP antibody (top panel), anti-p125FAK (bottom panel, lanes 1 ± 5) and p120RasGAP (bottom panel, lanes 7 ± 11). The position of migration of p190RhoGAP, p120RasGAP and p125FAK are indicated by black, white and hatched arrows, respectively on the plate following extraction, consisting of both the cytoskeletal elements and focal adhesions (referred to hereafter as the cytoskeletal fraction), was solubilized in boiling Laemmli's sample buer. Proteins in this fraction were separated by SDS ± polyacrylamide gel electrophoresis, transferred to PVDF membranes and immunoblotted with the antip109RhoGAP antibody ( Figure  3a) . The p190RhoGAP protein associated very rapidly with the cytoskeletal fraction following plating of cells on ®bronectin, with association reaching a steady-state by about 20 min post-plating (Figure 3a, lanes 2 and 8) .
This is in good agreement with the kinetics of disappearance' of p190RhoGAP from the immunoprecipitable pool following plating of cells on ®bronectin (Figure 2a , lanes 4 ± 6 and 10 ± 12). CSK-A and CSK-B gave similar results (Figure 3a , compare lanes 1 ± 5 with 7 ± 11). However, the harsher detergent extraction condition (CSK-B) yielded consistently cleaner backgrounds and was therefore used in all subsequent experiments. The association of p190RhoGAP with the cytoskeletal fraction appeared to be very stable since it was resistant to extraction by ionic detergents (Figure 3a) . Cells plated on BSA 5) and CSK-B soluble fractions (lanes 6 ± 10) as detailed in the Materials and methods section. One half of the CSK-B soluble fraction was immunoprecipitated with anti-p190RhoGAP antibodies. One half of CSK-B insoluble fraction was solubilized in boiling Laemmli's sample buer and the equivalent of one half of a 100 mm dish was loaded per well alongside the immunoprecipitates from the CSK-B soluble samples. Samples were separated on 5% SDS ± polyacrylamide gel that was run 1 h longer than usual (point at which dye just runs o the gel), transferred to PVDF membranes and immunoblotted with anti-p190RasGAP antibody coated bacteriological dishes failed to associate with the detergent insoluble cytoskeleton (data not shown). The rapid association of p190RhoGAP with the cytoskeleton, following cell-substrate interaction, thus aorded a plausible explanation for the disappearance of p190RhoGAP from the immunoprecipitable pool observed in the previous experiments. Under these extraction conditions, a bona-®de cytosolic protein, HSP90, was always in the CSK-B soluble fraction and was never found associated with the cytoskeletal fraction (data not shown) and served as a control to validate the fractionation protocol. To further investigate the cytoskeletal association of p190RhoGAP, attempts were made to follow the protein from the soluble to the insoluble pool upon cell-substrate interaction (Figure 3b ). NIH3T3 fibroblasts were allowed to adhere to tissue culture plastic and at various times after plating, adherent as well as suspension cells (A+S) were extracted with CSK-B (for details see Materials and methods). The CSK-B soluble lysates from each time point were immunoprecipitated with anti-p190RhoGAP antibodies ( Figure  3b , lanes 6 ± 10) and the CSK-B insoluble material from each time point (Figure 3b , lanes 1 ± 5) was solubilized in boiling Laemmli's sample buer. Samples consisting of equivalent amounts of cell material (about one half of a plate) were subjected to SDS ± polyacrylamide gel electrophoresis and immunoblotting with anti-p190RhoGAP antibody. The result shown in Figure 3b suggests that in suspension cells (time point 0) almost all the p190RhoGAP protein was soluble (Figure 3b , lane 6) and virtually no p190RhoGAP associated with the cytoskeletal fraction ( Figure 3b, lane 1) . Following attachment of cells to the substrate, a time-dependent decrease in p190RhoGAP from the soluble pool (Figure 3b , lanes 7 ± 10) accompanied a corresponding increase in p190RhoGAP in the cytoskeletal fraction ( Figure 3b , lanes 2 ± 5). At the end point of this experiment (120 min post-plating), approximately 40% of the p190RhoGAP was associated with the cytoskeletal fraction. Since optimal conditions for association of p190RhoGAP with the cytoskeleton were not rigorously determined it is very likely that this was an underestimate. Regardless, these results strongly suggested that p190RhoGAP moved from a soluble cytosolic pool to an insoluble, and perhaps cytoskeleton associated pool, following interaction of cells with the substrate. The association of p190RhoGAP with the cytoskeleton reached a steady-state by about 60 min post-plating (Figure 3b, lanes 4 and 5) . The autoradiogram shown in Figure 3b was deliberately overexposed to show the faint p190RhoGAP bands in lanes 1 and 2. To demonstrate more clearly, the minor but consistent dierence in migration between the soluble and insoluble forms of p190RhoGAP (the insoluble p190RhoGAP always migrated slightly faster than the soluble p190RhoGAP), the samples shown in Figure 3b was deliberately run on a lower percentage polyacrylamide gel (5% as opposed to 7.5% in all the other experiments) and for an hour longer than usual. The reason for the dierence in migration between the insoluble and soluble forms of p190RhoGAP is unclear at the present time but may be related to the phosphorylation status of the protein. This possibility is currently being investigated.
Association of p190RhoGAP, p120RasGAP and p125FAK with the detergent insoluble cytoskeleton
The previous results, suggested that cell-substrate interaction resulted in the association of p190RhoGAP with the detergent insoluble cytoskeleton. Therefore, similar studies were undertaken for p120RasGAP and p125FAK (Figure 4) . As before, NIH3T3 ®broblasts were allowed to adhere to tissue culture plastic for various periods of time. At the end of each period, both adherent and suspension cells (A+S) were extracted with CSK-B and the insoluble cytoskeletal fraction was solubilized with boiling Laemmli's sample buer. Proteins in the CSK-B insoluble cytoskeletal fraction were separated by SDS ± polyacrylamide gel electrophoresis, and immunoblotted with either anti-p125FAK antibody ( Figure  4a , lanes 1 ± 6) or anti-p120RasGAP antibody ( Figure  4a , lanes 8 ± 13). The two ®lters were subsequently reprobed with anti-p190RhoGAP antibody ( Figure  4b ). The results of these experiments suggest that p125FAK ( Figure 4a , lanes 1 ± 6) and p120RasGAP ( Figure 4a , lanes 8 ± 13) associate with the CSK-B insoluble cytoskeleton in a time-dependent fashion, following cell-substrate interaction. Re-probing the ®lters from Figure 4a with anti-p190RhoGAP antibody con®rmed that the kinetics of cytoskeletal association of p125FAK and p120RasGAP was very similar to that of p190RhoGAP (Figure 4b) . Together with the preceding results this provided strong evidence for the interaction of p190RhoGAP, p120RasGAP and p125FAK with the cytoskeleton following integrin mediated cell-substrate interaction.
Cytoskeleton associated p190RhoGAP is not tyrosine phosphorylated
To determine the tyrosine phosphorylation status of the insoluble, cytoskeleton associated form of p190RhoGAP, NIH3T3 ®broblasts were allowed to adhere to tissue culture plastic for various periods of time. Following attachment, both adherent and suspension cells (A+S) were extracted with CSK-B and the insoluble cytoskeletal fraction was solubilized with boiling Laemmli's sample buer, separated by SDS ± polyacrylamide gel electrophoresis and immunoblotted with either anti-phosphotyrosine antibody (Figure 5a , lanes 1 ± 6) or anti-p125FAK antibody (Figure 5a, lanes 7 ± 11) . The ®lter from Figure 5a , lanes 7 ± 11, was subsequently reprobed with antip190RhoGAP antibody (Figure 5b ). As shown in Figure 5a , a protein that co-migrates with p125FAK ( Figure 5b ) was tyrosine phosphorylated in a time dependent fashion upon cell-substrate interaction. These results are consistent with previous ®ndings that demonstrate the tyrosine phosphorylation of FAK following its recruitment to focal adhesions (Burridge et al., 1992; Guan and Shalloway, 1992; Hanks et al., 1992; Kornberg et al., 1992; Schaller et al., 1992) . Another protein of about 80 kilodaltons was prominently tyrosine phosphorylated in the cytoskeleton fraction. The identity of this protein is unknown at the present time. Regardless, this indicated that tyrosine phosphorylated proteins could be detected in the cytoskeletal fraction following adhesion of cells to the substrate. Consistent with earlier results, p125FAK (Figure 5a ; right hand side panel) and p190RhoGAP ( Figure 5b ) rapidly associated with the CSK-B insoluble cytoskeletal fraction but no tyrosine phosphorylation of p190RhoGAP was detected in the cytoskeletal fractions (Figure 5a ; left hand side panel). These results suggested that the cytoskeleton association of p190RhoGAP did not require tyrosine phosphorylation. Despite repeated attempts it was not Figure 4 Association of p125FAK, p120RasGAP and p190RhoGAP, with the cytoskeleton upon cell-substrate interaction. NIH3T3 cells were plated on tissue culture dishes and at various times post-plating (0, 30, 60, 90, 120 and 150 min) cells were extracted with a large volume of CSK-B. The CSK-B insoluble material was solubilized in boiling Laemmli's sample buer and the equivalent of one half of a 100 mm dish was loaded per well. Samples were separated on 7.5% SDS ± polyacrylamide gels, transferred to PVDF membranes and immunoblotted with anti-p125FAK antibody (a, lanes 1 ± 6) or anti-p120RasGAP antibody (a, lanes 8 ± 13). Both ®lters from a, were then reprobed with anti-p190RhoGAP antibody (b). In this case, the approximate position of migration of relevant molecular weight markers (in kilodaltons) are indicated in the middle of the ®gure and the position of the proteins of interest are indicated on either sides of the ®gure possible to study the localization of p190RhoGAP by immuno¯uorescence microscopy, indicating that the antibody used in this study was unsuitable for this purpose. Taken together, all these results strongly suggested that p125FAK, p120RasGAP, p190RhoGAP and, perhaps, even p62 dok are recruited to the membrane-cytoskeleton following cell-substrate interaction.
Discussion
Recent studies in signal transduction have led to the realization that mere generation of signaling molecules is, in an of itself, not sucient for a response and that the location of signal transducing components to the membrane-micro®lament interface is critical for their function (reviewed in Carraway and Carothers Carraway, 1995; Yamada and Geiger, 1997) . The emerging picture is one where growth regulatory events, such as cell-substrate interaction, rapidly re-con®gure the membrane-cytoskeleton causing the tethered signaling molecules to organize into multiprotein signaling complexes that are optimal for signal transduction. Although, exactly how these changes occur are still unclear, small G-proteins belonging to the Rho family (Rho, Rac and Cdc42) and their down-stream targets, appear to play a key role in regulating the reorganization of the actin cytoskeleton in response to extracellular signals (reviewed in Tapon and Hall, 1997 ; Van Aelst and D'Souza-Schorey, 1997). Given this crucial role of the Rho family of small G-proteins, the regulators of these signal transducers (Guanine nucleotide exchange factors, and GTPase activating proteins) undoubtedly play a central, but as yet unde®ned, role(s) in the reorganization of the actin cytoskeleton. The present studies were undertaken to better understand the role of GTPase activating proteins, speci®cally p120RasGAP and p190RhoGAP, in integrin mediated cell-substrate interactions.
The results of the present studies suggest that p120RasGAP and its associated proteins p190RhoGAP and perhaps p62 dok , are recruited to the cytoskeleton following integrin-mediated cellsubstrate interaction. These proteins are normally cytosolic in growing cells (data not shown) suggesting that the cytoskeletal association of these proteins is a transient response to cell-substrate attachment. In this regard, it is noteworthy that recent studies have uncovered a novel GTPase activating protein for RhoA and Cdc42 (named Graf for GTPase regulator associated with p125FAK) that associates with focal adhesion kinase (Hildebrand et al., 1996) . Also, previous studies have shown that the interaction of ®bronectin with integrins results in the recruitment of rho and a novel member of the RhoGAP family (designated p190-B) to sites of integrin clustering . The recruitment of p190RhoGAP itself to the cytoskeleton is not without precedent. Previous studies have shown that Epidermal Growth Factor (EGF) stimulation of ®broblasts resulted in the rapid localization of p190RhoGAP The CSK-B insoluble material was solubilized in boiling Laemmli's sample buer and the equivalent of one half of a 100 mm dish was loaded per well. Samples were separated on 7.5% SDS ± polyacrylamide gels, transferred to PVDF membranes and immunoblotted with anti-phosphotyrosine antibody (a, lanes 1 ± 6) or anti-p125FAK antibody (a, lanes 7 ± 11). The ®lter from a (lanes 7 ± 11), was then reprobed with anti-p190RhoGAP antibody (b) and p120RasGAP to concentric arc-like structures in the cytoplasm that are probable sites of actin stress®ber reorganization (Chang et al., 1995) . The present studies suggest that integrin mediated cell-substrate interactions also lead to the cytoskeletal recruitment of p120RasGAP and p190RhoGAP. In these studies, serum components could contribute to the observed responses ± although they may be necessary, they are clearly not sucient. This conclusion is based on the fact that cells in suspension, despite being in the presence of complete serum (with growth factors), did not show decreased levels of immunoprecipitable p190RhoGAP (Figures 1 and 2a) or cytoskeletal association of p190RhoGAP (Figures 4 and 5) . This is not altogether surprising since previous studies have shown that growth factor mediated signal transduction and cell cycle progression require cell anchorage and the cytoskeleton (reviewed in Assoian and Zhu, 1997; Clark and Brugge, 1995; Schwartz and Ingber, 1994) . This dependency, commonly referred to as anchorage dependence of growth, suggests that the action of growth factors in adherent cells requires integrin-ECM engagement (reviewed in Bottazzi and Assoian, 1997; Juliano, 1996; Ruoslahti and Reed, 1994) and depriving cells from contact with ECM can even trigger programmed cell death (Frisch and Francis, 1994; Meredith et al., 1993; reviewed in Meredith and Schwartz, 1997) .
What is the functional signi®cance of cytoskeletal recruitment of p120RasGAP and p190RhoGAP upon integrin mediated cell-substrate interactions? The results of the present study, which document the translocation of p120RasGAP and p190RhoGAP to the cytoskeleton, immediately following integrin mediated cell-substrate interaction are suggestive of a role for p190RhoGAP in cytoskeletal assembly during cell-substrate interaction. Alternatively, these molecules may play a role in the ultimate disassembly of the cytoskeleton at the appropriate time. The current studies cannot distinguish between these two possibilities. Previous studies have shown that overexpression of the N-terminus of p120RasGAP (that contains the SH2-SH3-SH2 domain that binds to tyrosine phosphorylated p190RhoGAP) results in its constitutive association with p190RhoGAP and leads to the disruption of the actin cytoskeleton and decreased cell adhesion to the substrate (McGlade et al., 1993) . The simplest interpretation of these results is that the overexpressed N-terminus of p120RasGAP engages p190RhoGAP and interferes with its normal function. Given that the consequence of such an overexpression is disruption of the actin cytoskeleton and decreased cell adhesion to the substrate, these results suggest a positive role for p190RhoGAP and p120RasGAP in cytoskeletal organization and are contrary to the traditionally held view that these proteins serve merely as negative regulators of their cognate small Gproteins. Further support for a positive role for p190RhoGAP in cytoskeletal organization comes from the observation that introduction of v-src into ®broblasts results in disruption of the actin cytoskeleton and a consequent reduction in adherence of the cell with its substrate (Felice et al., 1990) . Previous studies have demonstrated that p190RhoGAP and p62 dok are preferred substrates of c-src (Chang et al., 1993) . It is therefore likely that v-src mediated disruption of actin cytoskeleton is mediated in part by the tyrosine phosphorylation of p190RhoGAP and p62 dok by src. However, other data in the literature implicate p190RhoGAP in cytoskeletal disorganization presumably by the antagonism of Rho via its RhoGAP activity. Microinjection of p190RhoGAP inhibits formation of stress ®bers and focal adhesions (Ridley et al., 1993) suggesting a negative regulatory role for p190RhoGAP in the organization of actin stress ®bers. Therefore, the role of p190RhoGAP in cytoskeletal organization is more complicated than previously appreciated and further work is needed to elucidate its role in integrin-mediated changes of the cytoskeleton. In addition to the Rho family of GTPases and their GAPs, other signal transducers are speci®cally translocated to the cytoskeleton in an integrindependent manner. These include c-src and phosphoinositide 3-kinase, which reportedly translocate to the cytoskeleton, in an integrin-dependent manner, following thrombin stimulation of platelets Guinebault et al., 1995) . In addition, ®brinogen speci®cally triggers the cytoskeletal association of c-yes, talin, spectrin and vinculin (Fox et al., 1993) .
The mechanistic basis for the translocation of p190RhoGAP and p120RasGAP to the cytoskeleton are presently unclear. p190RhoGAP and perhaps p62 dok may associate with the cytoskeleton either directly or indirectly, via their association with p120RasGAP. The results of the present study do not favor the latter possibility because cytoskeletonassociated p190RhoGAP is not tyrosine phosphorylated ( Figure 5 ) and is hence probably not associated with p120RasGAP. Also, previous studies have shown that tyrosine phosphorylation of p62 dok and p190RhoGAP increased their anity for the SH2 domain of GAP (Moran et al., 1990) . However, even though the present studies favor the direct and independent association of p190RhoGAP, p120RasGAP and perhaps even p62 dok , further studies are required before this issue can be unequivocally resolved.
Materials and methods
Cell lines, antibodies, extracellular matrix proteins and peptides NIH3T3 cells were maintained as described previously (Zhao et al., 1995) . Anti-p120rasGAP antibody (B4F8, Santa Cruz Biotech), anti-p190RhoGAP antibody (Transduction Laboratories), anti-p125FAK antibody (Transduction Laboratories), anti-HSP90 antibody (StressGen Inc.) and horseradish peroxidase conjugated anti-phosphotyrosine antibody (a-PY20-HRP, ICN) were used as suggested by the manufacturer. The ECM protein, bovine ®bronectin (Calbiochem/Novabiochem) was used at concentrations indicated below.
Cell-substrate and cell-cell adhesion assays
To examine the eect of adherence of cells to the substrate, cells were plated on 100 mm 2 tissue culture treated dishes, or bacteriological dishes coated with bovine ®bronectin. To maintain cells in suspension, they were plated on 100 mm 2 bacteriological dishes coated with bovine serum albumin. Coating of dishes with bovine ®bronectin (50 mg/100 mm dish in 3 ml PBS) or bovine serum albumin (20 mg/ml in 3 ml of PBS) was done with gentle rocking for 30 min at 378C. Plates were then washed with PBS and used for cell culture. Cells were plated on these dishes and incubated at 378C, in a CO 2 incubator for varying lengths of time as indicated in the ®gures.
Immunoprecipitations and immunoblotting
At the end of the incubation period, plates were transferred to 48C for 10 min and the cells were collected by scraping, followed by low speed centrifugation. Cells were then lysed in 1.5 ml of PBSTDS lysis buer containing 10 mM sodium phosphate, pH 7.2; 150 mM sodium chloride, 1% Triton X-100; 0.5% sodium deoxycholate; 0.1% sodium dodecyl sulfate; 0.2% sodium azide; 1 mM sodium orthovanadate; 10 mg/ml leupeptin; 10 mg/ml aprotinin; 5 mM phenyl methyl sulfonyl¯uoride. Samples were placed on ice for 10 min after which the lysates were collected and clari®ed by centrifugation at 16 000 g for 30 min at 48C. To the supernatant was added 1 mg of anti-rasGAP antibody (B4F8, Santa Cruz Biotech), the immunoprecipitation was allowed to proceed for at least 12 h with gentle rocking at 48C and the immune complexes were collected on Protein-A Sepharose CL-4B (Pharmacia). Immunoprecipitates were washed successively in wash buer I (650 mM NaCl; 50 mM TRIS, pH 7.4; 5 mM EDTA), wash buer II (150 mM NaCl; 50 mM TRIS; 5 mM EDTA; 1% NP 40; 0.1% SDS), wash buer III (10 mM TRIS, pH 7.4; 0.1% NP 40).
Immunoprecipitates were resuspended in Laemmli sample buer, and the proteins separated by electrophoresis on 7.5% (except Figure 3b where a 5% gel was used) sodium dodecyl sulfate-polyacrylamide (SDS ± PAGE) gels (Laemmli, 1970) . Electrophoretically separated proteins were transferred to PVDF membranes and probed with horseradish peroxidase conjugated anti-phosphotyrosine antibody (a-PY20-HRP, ICN), anti-p120RasGAP, p190RhoGAP or p125FAK antibodies and visualized by chemiluminescence (ECL detection kit, Amersham) as described .
Preparation of detergent insoluble cytoskeletal fractions
At the end of the incubation period, the plate of cells (containing both suspension and adherent cells) was placed at 48C for 10 min. Unattached cells in a sample were collected by centrifugation (1000 g, at 48C for 10 min) of the cell culture media. Attached cells, on the plate as well as suspension cells (in the tube) were washed once with PBS containing 0.1 mM sodium orthovanadate and extracted with a total volume of 1.5 ml of either CSK-A (containing 10 mM PIPES, pH 6.8; 100 mM KCl; 2.5 mM MgCl 2 ; 1% Triton X-100; 1 mM sodium orthovanadate; 10 mg/ml leupeptin; 10 mg/ml aprotinin; 5 mM phenyl methyl sulfonyl¯uoride) or CSK-B buer (containing 10 mM sodium phosphate, pH 7.2; 150 mM sodium chloride; 1 mM CaCl 2 ; 1% Triton X-100; 0.5% sodium deoxycholate; 0.1% sodium dodecyl sulfate; 0.2% sodium azide; 1 mM sodium orthovanadate; 10 mg/ml leupeptin; 10 mg/ml aprotinin; 5 mM phenyl methyl sulfonyl¯uoride) for 10 min at 48C. Detergent soluble supernatants (from attached and suspension cells from one sample) were pooled and spun at 4500 g, at 48C for 10 min. The resulting supernatant was designated as CSK-A/B soluble (A+S). The pellet from the above mentioned spin was pooled with the CSK-A/B insoluble material, left behind on the plate (attached cells) and was solubilized in 200 ml of boiling Laemmli's sample buer. This was designated the CSK-A/B insoluble (A+S). One half of the CSK-A/B soluble fraction was subjected to immunoprecipitation with the indicated antibodies and the immunoprecipitates were analysed by electrophoresis on 7.5% SDS ± polyacrylamide gels alongside one half of the CSK-A/B insoluble samples. So, while the samples designated, insoluble fractions (in Figures 3 ± 5) represent total detergent insoluble material from whole cells, the soluble fraction, in Figure 3b represent immunoprecipitates with anti-p190RhoGAP antibody. Immunoprecipitation was necessary to reduce the large volume of the detergent soluble fraction (1.5 ml).
